Strains of Escherichia coli devoid of systems for the active transport of galactose (gulp mgl) still grow on galactose but at rates that are a function of the galactose concentration of the medium : half-maximal growth rates require more than 2 mwgalactose to be present. Evidence is presented that galactose is taken up by such strains by facilitated diffusion on a carrier specified by the umg gene (or by a gene highly co-transducible with it) which is thus a part of, or closely associated with, an enzyme I1 for glucose of the phosphoenolpyruvate-phosphotransferase system. However, the entry of galactose does not require phosphotransferase activity, and the sugar taken up appears in the cells as free galactose.
I N T R O D U C T I O N
Studies with a variety of mutants indicate that Escherichia coli contains at least four distinct systems that can catalyse the active transport of D-galactose into the interior of the cell (reviewed by Lin, 1970) ~ and that one of these, specified by the genetical marker mgl, probably contains more than one element (Ordal & Adler, I974a, b) . The physiological roles of these different systems are not yet clear. It has been established (Wilson, 1974 ) that only two of them are induced by galactose; the others may thus be primarily involved in the uptake of other sugars, such as lactose, melibiose and arabinose. But all the systems share two properties: they have high affinities for galactose (Km < 0.2 mM), and they effect its translocation in a form chemically unchanged. In consequence, mutants devoid of galactokinase activity accumulate galactose as the free sugar against a concentration gradient (Horecker, Thomas & Monod, 1960) . Activity of the phosphoenolpyruvate-linked phosphotransferase (PT) system that catalyses the uptake and I simultaneous phosphorylation of sugars such as glucose, fructose and mannose (reviewed by Roseman, 1969 ), thus appears not to be necessary for the utilization of galactose. Moreover, the activity of that system would lead to the formation of either galactose 6-phosphate or galactose I-phosphate. Membrane preparations of E. coli can catalyse the phosphoenolpyruvate-dependent uptake of galactose and its phosphorylation to galactose 6-phosphate (Kundig et al., 1965; Kaback, 1968; Roseman, 1969) , but no physiological role for galactose 6-phosphate has been found (Vorisek & Kepes, 1972) . This shows that there is no physiological means of by-passing the action of galactokinase to produce galactose I-phosphate; the formation of galactose Iphosphate by the PT system is therefore unlikely to play a significant role in E. coli.
During studies of the uptake of carbohydrate by E. coZi strains, we noticed that most of the F-strains used were unable to catalyse the uptake of low concentrations of galactose and of its analogues, methyl-/?-D-galactoside and D-fucose, that are characteristic of the specific and inducible systems for galactose transport, yet the apparently defective organisms grew readily on media containing glucose-free galactose as sole carbon source. This paper provides an explanation for this paradox and shows that galactose enters such E. coli strains by facilitated diffusion, catalysed by a protein that is either part of, or very closely associated with, a component of the PT system that also translocates methyl-a-D-glucoside (Kornberg & Smith, 1972; Kornberg & Jones-Mortimer, 1975) . However, whereas the uptake of methyl-a-D-glucoside is accompanied by its phosphorylation to the 6-phosphate ester, with concomitant utilization of phosphoenolpyruvate, the uptake of galactose can proceed in the absence of a functioning PT system. This mode of utilization of galactose, whereby the galactose that thus diffuses into the cell is phosphorylated by ATP and galactokinase, requires rather high external concentrations of the sugar and may thus be readily distinguished from the 'true' galactose transport systems, whose affinity for galactose and its analogues is higher by at least an order of magnitude.
METHODS

Organisms.
These are listed in Table I . The abbreviations used to describe genetical markers are listed by Taylor & Trotter (1972) .
Unless stated otherwise, cells were grown aerobically at 37 "C on defined media containing salts (Ashworth & Kornberg, 1966 ) and a carbon source at 0.2 % (w/v); the media were supplemented as appropriate with required L-amino acids or pyrimidines at 40 to IOO pg/ml. Growth was measured as the extinction of cell suspensions at 680 nm; an Esso of 1.0 was taken to represent 0.68 mg dry masslml (Ashworth & Kornberg, 1966; Kornberg & Reeves, 1972) . Measurements of uptake of isoropically-labelled substrates. Cells were harvested in the mid-exponential phase of growth (0.2 to 0.6 mg dry masslml) by centrifuging at 30000g for 5 min at 15 "C. They were washed once with nitrogen-free salts medium (Ashworth & Kornberg, 1966) , resuspended in the same medium to the required cell density (usually I to 2 mg dry masslml) and stored in ice until required (0 to 2 h). Samples of this suspension were then shaken at 25 "C for 10 min before the addition of labelled substrate. Where the labelled compound was a non-metabolizable sugar analogue, one-tenth volume of nutrient broth was also included. For the assay of Mgl activity, [14C]galactose at 0.5 ~G M (Boos, 1969) or [14C]methyl-/3-galactoside at 10 P M were used; the concentrations of substrates used for other uptake measurements are given in the text. Samples (0.1 ml) were taken rapidly at suitable time intervals, filtered with suction through Millipore filters (0.45 pm pore size) and washed twice with 2 ml of nitrogen-free salts medium at room temperature (20 to 22 "C). Filters were transferred to vials containing 5 ml of Bray's (1960) fluid, and radioactivity was measured with a Packard model 3385 liquid scintillation spectrometer. [l4C]Methy1-/3galactoside was purchased from NEN Chemical GmbH, Dreieichenhain, West Germany, and all other isotopic material from The Radiochemical Centre, Amersham, Buckinghamshire.
Purijication of labelledgalactose. It was found that both [3H]and [14C]galactose as purchased were contaminated with traces of radioactive glucose which sufficed to introduce significant errors into measurements of galactose uptake by strains which have low transport activity for galactose. The method devised to purify the commercial material involved the use of strain 20SOK-, which has neither galactokinase activity nor an active transport system for galactose (Buttin, I 963 a, b) . However, the organism possesses constitutive glucose phosphotransferase activity (Kornberg & Reeves, 1972) and therefore takes up glucose from the 
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Rotman et al. (1968) medium in preference to galactose and with high efficiency (Kornberg, I 973) . Washed suspensions of glycerol-grown cells of strain 2 0~0~-were incubated with labelled galactose as purchased until no more radioactive material was taken up (about 10 min). The cells were then filtered through a dry Millipore filter; the filtrate was essentially unaltered with respect to galactose concentration, and was glucose-free as judged from the inability of a fresh washed suspension of strain 20SOK-to incorporate labelled material from this preparation into cellular constituents.
Assay of /3-galactosidase. p-Galactosidase activity was measured as the rate at which toluenized cells hydrolysed o-nitrophenyl-p-galactopyranoside (ONPG) at 30 "C, as described by Hestrin, Feingold & Schramm (1955) . Genetical procedures. In general, the genetical procedures used were those described by Miller ( I 972). Strains impaired in Umg activity were selected as mutants that grew on 5 mMfructose despite the presence of 5 m~-2-deoxyghcose or of 0.5 m~-5-thio-D-glucose, by the procedure used by Kornberg & Smith (1972) ; ctr crr strains were isolated as described by Jones-Mortimer & Kornberg (1974 a).
The derivative of strain ~2 . 1 t devoid of galactokinase (galK) was obtained by A-eduction, according to Shimada, Weisberg & Gottesman (1972), to make a biotin auxotroph which was then transduced to galK. A culture of strain K2.It was lysogenized with phage hc1857, which makes a temperature-sensitive repressor and therefore can exist as a stable prophage at the permissive temperature (30 "C), but enters the lytic cycle at the restrictive temperature (42 "C). By screening for resistance to hvir at 30 "C, a spontaneous A-resistant mutant of the lysogen was obtained. Samples (0.1 ml) of an overnight culture of this organism were spread on nutrient agar plates and incubated at 42 "C. For the host to survive under these conditions the prophage must be unable successfully to enter the lytic cycle, a condition which obtains if phage genestogether, perhaps, with adjacent bacterial geneshave been lost. None of the educants thus obtained was galactose-negative, but several biotin-requiring (biu) mutants were isolated. One of these was infected with phage PI propagated on strain 2 0~0~-(galK); selection for bio+ yielded transductants carrying the defective gaIK allele of strain 20SOK-.
RESULTS A N D DISCUSSION
Growth of E. coli on galactose Although all strains of E. coli K I~ not impaired in the enzymes of galactose utilization specified by the gal operon grow on media containing galactose as sole carbon source, they differ markedly in growth rate on low concentrations of that sugar. The strains that were examined fell into two distinct classes. One class, typified by the genetic donor (Hfr) strains K I (HfrH), K I O (HfrC), ~~9 6 and K L I~, grew readily on media containing the lowest concentrations of galactose at which measurements of growth rates in batch culture were feasible ( I mM); increases in the galactose concentration of the medium (up to 20 m M ) increased only slightly the rates of growth. The other class, illustrated by the Fstrains ~2 . r t and orqqg, grew poorly on media containing galactose at 3 mM or less, but grew readily when galactose was sup$ied at 10 mM or higher. A plot of the mean doubling time Galactose utilization by E. coli against the reciprocal of the initial galactose concentration in the medium gave straight lines. As shown in Fig. I , these lines can be extrapolated to cut the abscissa at points which, by analogy with Lineweaver-Burk plots, would correspond to the negative reciprocal of the galactose concentrations at which half the maximal growth rate would be achieved. The ' K,' values that are calculated from the data thus obtained are a measure of the affinity for galactose of the overall growth process. The first class of organism has a much higher affinity for galactose as a growth substrate ('Km' about 0.6 mM) than does the second (' KTa' about 4 DIM). Since the rate at which galactose enters the cell is the limiting step of galactose utilization (Horecker et af., 1960) , these results also suggest that, at low concentrations of galactose, the second class of organism may take up galactose less readily than would the first.
Studies with washed suspensions of galactose-grown cells bear out this expectation. Taking strains K L I~ and ~2 . 1 t as representative of the two classes, Fig. 2 shows that suspensions of the latter organism take up neither 0.5 p~-[~~C]galactose nor 10 p~-[ l~C ]methyl-P-galactoside even though the cells had grown on galactose. In contrast, similar suspensions of strain K L I~ take up both labelled materials rapidly. These differences are characteristic of the expression of alleles of the mgZ genes (Boos, 1969; Ordal & Adler, 1974a,b) . It is evident that strain K L I~ and other strains with a low 'K,' for growth on galactose are Mglf, whereas strain KZ.It, and other strains with a high 'Km' for growth on galactose, are Mgl-.
A second system specifically involved in the uptake of galactose is that specified by the gaZP gene (Rotman, Ganesan & Guzman, 1968) which was identified in an E. coli strain w4345 devoid both of galactokinase (gaZK) and of Mgl activity. Suspensions of this organism, induced by growth in the presence of D-fucose, readily take up galactose when incubated with 0-2 m~-[~~C]galactose ( Fig. 3) ; when unlabelled galactose is added, the radioactive material taken up is rapidly washed out of the cells. This shows that the gaZP+ strain accumulates free galactose to about 5 nmol/mg dry mass. On the assumption that I mg dry mass of cells can be equated with 3 pl of cell water (Roberts et al., 1955; Winkler & Wilson, 1966) , this corresponds to an accumulation of labelled galactose to 1.6 mM before the unlabelled material was added, which is eight times greater than the galactose concentration of the medium. The absence of the GalP system from strain K2. I t could not be demonstrated directly with this organism, since any galactose taken up would be metabolized. However, a derivative of strain ~2 .
It, designated KRIOO, was prepared that lacked galactokinase activity; suspensions of this strain, induced by growth in the presence of D-fUCOSe, took up labelled galactose at a slow rate and to an extent approaching the galactose concentration of the medium. Clearly, strain KRIOO lacks the mechanism for active transport of galactose specified by the galP+ allele present in strain ~4 3 4 5 . It is reasonable to assume that strain ~2 . 1 t , from which strain KRIOO was derived, lacks GalP activity; although the gaZK allele of strain KRIOO was introduced by transduction with phage PI propagated on strain 2 0~0~-, there is good evidence that the galP marker maps far from other markers of the gal operon (Buttin, 1963 b) . Moreover, the strain of E. colidesignated 20SOK- (Buttin, 1963a, b) is known to lack galactokinase activity and to be devoid of both the systems specified by the mgl+ and galP+ alleles (Rotman et al., 1968) . When suspensions of this strain, grown in the presence of D-fucose as inducer of galactose uptake, were exposed to 0.2 m~-[~~C]galactose, the rate and extent of uptake of this sugar were similar to those noted with strain KRIOO. Furthermore, when this strain was transduced to galK+ by phage PI propagated upon strain ~2 . 1 t , the properties of the resultant transductant KR I O I were indistinguishable from those of the g a K f strain ~2 . 1 t ,
both with respect to the uptake of 0 -2 m~-[~*C]gaIactose ( Fig. 4) and with respect to growth on galactose. As expected from the absence of the Mgl system, neither strain took up 10 p~-[~~C]methyl-~-galactoside. It can thus be concluded that E. coIi strains such as 2 0~0~-,
~2 .
It, and others that are both galP and mgl, take up galactose via some other transport system(s).
Three further systems have been described that can catalyse the active transport of galactose. The set of activities specified by the lac operon includes the permease that facilitates the uptake of numerous P-galactosides. This lac permease is induced by galactose in strains lacking galactokinase (Kalckar, Kurahashi & Jordan, 1959; Wu, 1967) ; however, no Galactose utilization by E. coli 81 such induction of the lac permease occurs during the growth on galactose of E. coli strains that are galK+ (Rotman et al., 1968) . We confirm this: no significant fl-galactosidase activity was detected in toluene-treated suspensions of strain K2.It after its growth on galactose, although activity was rapidly induced when I mM-isopropylthiogalactoside was added to a culture growing on galactose. The main uptake system for arabinose, which is also capable of transporting galactose, was not found in our strains of the organism when grown on galactose. Similarly, the melibiose transport system could not have accounted for the observed utilization of galactose since this system does not operate at 37 "C in K12 strains of E. coli (Rotman et al., 1968) .
The active transport of carbohydrates, which enables these substances to be taken up and (in suitably blocked mutants) to be accumulated, chemically unchanged, to high internal concentrations, depends on the maintenance of chemical and electrical gradients across cell membranes (Mitchell, 1970 (Mitchell, , 1973 Harold, 1972) . These gradients are abolished by protonconducting agents, such as carbonylcyanide-m-chlorophenylhydrazone (CCCP). As shown in Fig. 5 , 20 PM-CCCP markedly inhibited the uptake of 0-2 mwgalactose by the galP+ strain w4345 but had no significant effect on the much lower rate and extent of galactose uptake by strain 20SOK-, either at 0.2 or 2 mM. This confirms that the uptake of galactose by organisms devoid of GalP and Mgl activities does not involve an active transport process.
Growth on galactose and the uptake of methyl-a-D-glucoside It has been shown (Roseman, 1969) that the growth of E. coli on sugars such as fructose, mannose, mannitol and glucose requires the functioning of a phosphoenolpyruvatedependent PT system, in which an enzyme I catalyses the transfer of the phosphate group from phosphoenolpyruvate to a small histidine-containing protein (abbreviated HPr). The resultant phospho-HPr can then donate this phosphate to a terminal hydroxyl group of the appropriate sugar. This final step, that results in the formation of the sugar-phosphate, is catalysed by one or more enzymes 11. In the case of glucose, two such enzymes I1 have been identified. One, specified by a gene designated umg by Kornberg & Smith (1972) and gptA by Curtis & Epstein (I970) , effects also the uptake and phosphorylation of the noncatabolizable glucose derivative methyl-a-D-glucoside. The other, originally designated gptB by Curtis & Epstein (1970) and probably identical with the ptsX gene involved also in fructose uptake (Jones-Mortimer & Kornberg, 1974b ; Kornberg & Jones-Mortimer, I 979, appears not to effect the uptake of that analogue although it is involved in the transport (and phosphorylation) of 2-deoxy-~-glucose as well as of glucose. The relative proportions of these two enzymes I1 vary in strains of E. coli; in the Fstrain K2.It (and the similar strain 0144 g), well over 60 % of the total glucose taken up enters via the Umg system (Kornberg, 1972; Kornberg & Jones-Mortimer, 1975 ; Amaral & Kornberg, 1975) . It follows that mutation of such organisms to umg markedly impairs their rates of growth on glucose : there is a striking increase in doubling time, from about 60 min at 37 "C to over 3 h. Growth on other hexoses (such as mannose, mannitol or fructose) that are also taken up via the PT system but do not involve the activity of the Umg component, is not impaired. However, growth on galactose, which is not thought to be taken up via the PT system, is strongly affected. As shown in Fig. I, this slower growth on galactose is a consequence of a reduction in the maximal growth rate and not in the affinity ('Km') of some rate-limiting step for galactose.
Evidence that this impairment in growth on galactose or glucose, and in ability to take up methyl-a-D-glucoside, are the consequence of one mutational event can be summarized as follows: (i) umg mutants do not blacken X-ray film when, after growth on nutrient agar supplemented with 10 p~-methyl-a-~-[~~C]glucoside, they are applied to such film (Kornberg & Smith, 1972) . Revertants to umgf, selected for ability to grow rapidly on glucose, regain the ability to blacken film and simultaneously regain the ability to grow rapidly on 5 mMgalactose as well as on 5 mM-glucose.
(ii) Revertants of umg mutants selected for their ability to grow rapidly on galactose are of two main types. One type remains umg: this mainly consists of mutants that have become constitutive for the enzymes of the lac operon. However, the other type is umg+: mutation to better growth on galactose appears simultaneously also to relieve the impairment to uptake of glucose via this system.
(iii)
The umg gene is about 20 % cotransducible with purB (Kornberg & Smith, 1972) .
The Fstrains oIM-wg and ~~1 3 2 5 -w g carry both these markers and, in consequence, require adenine for growth, do not blacken film, and grow poorly both on glucose and on galactose. After infection with phage PI propagated on E. coli strain K2 .It (umg+purB+) , pur+ transductants were selected; these were either umg+ (recognized by their ability to blacken film) or had remained umg. All of 71 umg+ transductants tested had simultaneously regained the wild-type ability to grow on glucose and on galactose whereas none of the approximately 400 umg colonies grew well on either hexose.
(iv) Measurements of the uptake of [14C]galactose by suspensions of cells inducible for the Umg system (Kornberg & Reeves, 1972) , further support a role of this system in the growth on galactose of E. coli strains devoid of GalP and Mgl activities. Washed suspensions of such strains, grown on gluconate, took up little methyl-a-~-[~~C]glucoside; they also took up little [14C]galactose at either 0.2 or 2 mM. However, similar suspensions of the cells grown on glucose readily took up methyl-a-~-[~*C]glucoside: they also took up 2 m~-[laC]galactose at a significantly faster rate, although not previously exposed to this hexose.
The role of the Umg system in galactose uptake by galP mgl strains of E. coli
The protein(s) specified by the umg gene normally act as the final component (enzyme 11) of the PT system that effects the translocation and phosphorylation of glucose and its analogue methyl-r-D-gIucoside. The question thus arises whether the involvement of this enzyme II in the utilization of galactose by some E. coli strains indicates a role of phosphotransferase activity in galactose uptake. In addition to the evidence discussed in the Introduction, there are several observations against this :
(i) The addition of pyruvate to cultures of E. coli strains devoid of phosphoenolpyruvate synthetase (pps) ( . Galactose falls into this latter category. Pyruvate does not inhibit the growth on galactose, nor the uptake of [14C]galactose, by E. coii strains that are pps even if they also lack the Mgl and GalP systems.
(ii) A direct comparison between the activities of an organism with and without a functioning PT system is provided by studies with the mgZgalP strain ~~1 0 3 . This organism is a recombinant from a genetic cross of the F-strain ~2 . 1 t with the HfrC strain ts19, which is a mutant with a temperature-sensitive enzyme I of the PT system (Bourd et al., 1971) . The recombinants used took up neither 0.5 p~-[~~C]galactose nor 10 p~-[~~C ] m e t h y l -/ %~galactoside, which confirmed the absence of the Mgl system. The uptake of 0-2 mw[14C]galactose by these recombinants at 25 "C occurred at the same rate and to the same extent On: Sat, 08 Dec 2018 07:10:11
Galactose utilization by E. coli as it did with suspensions of the Fparent organism KZ.It, which confirmed the absence of the GalP system. Like its male parent, suspensions of the recombinant strain ~~1 0 3 take up 0.1 m~-methyl-a-~-[~~C]ghcoside readily if the cells are grown at 30 "C and are then exposed to this labelled substrate at temperatures below 30 "C; however, they do not take up methyl-a-~-[14C]glucoside at 42 "C. In contrast, the uptake of [14C]galactose, by suspensions of cells grown on 10 mwgalactose at 30 "C, is more rapid at 42 "C than it is at 30 "C (Fig. 6) . Moreover, if cells grown on galactose at 30 "C are incubated at 42 "C for 30 min before measurement of the uptake of labelled substrates, the uptake of rnethyl-a-r>-[14C]glucoside is virtually abolished as a result of the heat-denaturation of enzyme I activity. In contrast, the uptake of 0.2 mM-or 4 m~-[~~C]galactose is little affected by this treatment. That this phenomenon applies also to cells growing on galactose is shown in Fig. 7 : samples taken from a culture growing on 10 mhi-galactose, that was switched from 30 to 40 "C, showed a rapid loss of ability to take up methyl-a-~-[~~C]glucoside (and [14C] considerably preceded the much slower and less dramatic heat-denaturation of the galactoseuptake system.
(iii) Although these findings argue against any necessary role of the phosphoenolpyruvatephosphotransferase system in the uptake of galactose by E. coli, there is a possible source of error in experiments with mutants devoid of enzyme I activity. It is known that such mutants may fail to grow on sugars such as maltose, lactose and galactose, as well as on glycerol and succinate, which are known not to be taken up by the PT system (Kamogawa & Kurahashi, I 967 ; Wang & Morse, 1968 ; Bourd et af., 1969) . This failure to grow has been ascribed to an undue susceptibility of these mutants to catabolite repression, with the consequence that the growth substrates fail effectively to induce the systems required for their uptake and metabolism (Epstein, Jewett & Winter, 1970; Saier & Roseman, 1972; Roseman, 1975) . Many E. coli mutants of this type revert to growth on some or all of these substrates without regaining a functioning phosphotransferase system (Wang, Morse & Morse, I 970). One such revertant strain, designated ts19.1A, was isolated from the HfrC strain ts19 by Jones- Kornberg (1974a) ; it carries a deletion of that region of the genome covering the gene specifying enzyme I activity (ptsl) and the gene involved in the failure of non-PT sugars to induce their respective uptake systems. Alteration in this latter gene confers on the cell resistance to repression by carbohydrates and it has been designated crr by Saier & Roseman ( I 972).
Since HfrC strains of E. coZi are gulp+, the mutant ts19.1A could not be used directly to test the role of the PT system in the uptake of galactose by galP organisms. However, a cross of strain tsr9.1h with the Fstrain K2.It gave recombinants that carried theptsl crr deletion of the donor and, like the recipient, were both gaZP and mgl: like strain K2.It (Fig. I) , these recombinants grew on galactose despite their inability to grow on glucose or fructose.
(iv) A similar recombinant (KRIO~) was derived from the cross of strain tsIg.IA with the galK recipient KRIOO. Like other gaZK galP mgl mutants, this recombinant took up 0-2 mM-[lT]galactose slowly and only to the concentration present in the medium (cf. Figs. 3 and 4) . However, when transduced to gaZK+ with phage PI propagated on the galP mgl strain ~2 . 2 t, the organism grew on galactose but not on glucose or fructose. In contrast, recombinants derived from a cross of strain ts19.1A with the umg recipient K2.1.22, which were gulp mgl umg as well as carrying the ptsl crr deletion, showed no growth on galactose-agar plates after 2 days at 37 "C. These observations show that strains lacking the GalP and Mgl systems grow on galactose even though they lack phosphoenolpyruvate-phosphotransferase activity, but this growth occurs only if the product of the umgf gene (or of a gene highly cotransducible with it) is also present. This implies that the umg+ (or closely linked) gene specifies a protein that can facilitate the diffusion of galactose into the cells without demanding the input of energy, either for concentrating the free sugar against a gradient or for converting the sugar to its phosphate ester. Further evidence is provided by experiments in which the efflux of C3H]galactose was measured from gaZK cells that had taken up [3H]galactose either to a concentration above that present in the ambient medium (~4 3 4 5 :gulp+ gaZK) or to a concentration equal to that in the medium (mIoo:galP galK). As shown in Fig. S(a) , the efflux of labelled galactose from the gulp+ strain occurred much more rapidly when the cells were diluted into medium containing unlabelled galactose than into medium containing salts only; in contrast, the gaZP cells lost the little labelled galactose they contained with equal rapidity when diluted into medium containing, or not containing, unlabelled galactose. The gulp strain is thus unable to use energy to maintain a galactose concentration gradient; moreover, the total efflux of the internal galactose from these cells shows that the labelled sugar had not been phosphorylated during or after its uptake.
We conclude that galactose enters E. coli strains that are devoid of GalP and Mgl activity on a carrier that is also involved in the uptake of glucose and of its analogue methyl-a-Dglucoside, but which, contrary to the generally-accepted view of sugar uptake by group translocation (Roseman, I975), does not effect its simultaneous phosphorylation. This implies that glucose may also enter the cells by such a carrier and be phosphorylated in a subsequent step. Such a mechanism had been proposed by Roseman (1969)~ but abandoned by him and his co-authors largely on evidence obtained with St~phyZococcus aureus: mutants devoid of PT-enzyme I are not able to equilibrate sugars in the medium with those in the cells (Simoni & Roseman, 1973) . However, from studies of the uptake of glucose and its analogues To one culture growing on galactose, 5 mhi-glucose was added at the time indicated by an arrow (H).
into E. coli strains, Gachelin (1970) concluded that phosphorylation of methyl-2-glucoside occurred after entry into the cell. More recently, Bourd et al. (1975) described E. coli mutants in which the transport of methyl-a-glucoside by intact cells is low, but extracts of which contain normal phosphoenolpyruvate-phosphotransferase activities. This suggests impairment of a carrier protein involved in the facilitated diffusion (or active transport) of the sugar; this protein is postulated to be specified by a gene fgl that is closely linked to itrng or is an allele of it. Such an interpretation also accords with the growth properties of the mutant ~~1 6 3 ( Fig. 9 ). Whereas the mutants ~2 . 1 . 2 2 and ~~1 6 4 which do not blacken film after growth on nutrient agar in the presence of 10 p~-methyl-a-~-[~~C]glucoside and are thus severely impaired in the activity of the Umg system, grow less rapidly on either glucose or galactose than does their parent strain K 2 . I t (Fig. I, Fig. 9a ), strain ~~1 6 3 is impaired in its growth on glucose but not in its growth on galactose (Fig. 9b ). Washed suspensions of this mutant, grown on 10 mM-galactose, take up neither I o p~-[~~C]methyl-P-galactoside nor 0.5 p~-[~~C]galactose, but take up 0 -2 m~-[~~C]galactose at a rate and to an extent similar to the parent strain K2. I t ; however, methyl-a-~-[~~C]glucoside uptake is severely impaired. Moreover, suspensions of strain KRI 63 rendered permeable by toluene (Kornberg & Reeves, 1972) catalyse the phosphoenolpyruvate-dependent phosphorylation of methyl-a-D-glucoside at less than 10 : ! / ' o of the rate observed with similar suspensions of strain ~2 . 1 t .
The mutant KR I 63 is thus impaired in the phosphorylation step catalysed by this enzyme I1 complex, but (unlike other umg strains) is not affected in its ability to take up galactose; this continued utilization of galactose is not due to a change in the defective gaZP or mgl genes. That it involves the entry of galactose via a system with high affinity for glucose is shown in Fig. 10 . A fructose-grown culture of the mutant ~~1 6 3 continued to grow rapidly after transfer to fresh medium containing fructose as sole carbon source, grew poorly on 10 mM-glucose, and adapted to grow well on 10 mwgalactose. However, when 5 mMglucose was added to a duplicate culture growing rapidly in 10 mwgalactose, the rate of growth speedily declined and was maintained at that characteristic of growth on glucose by these umg cells. Although glucose was taken up and utilized only poorly, its presence effectively blocked the utilization of the much better substrate galactose.
